TITLE OF THE INVENTION 
PYROCHEMICAL REPROCESSING METHOD FOR SPENT NUCLEAR FUEL 

AND 

INDUCTION HEATING SYSTEM TO BE USED 
5 IN PYROCHEMICAL REPROCESSING METHOD 

BACKGROUND OF THE INVENTION 
The present invention relates to a pyrochemical 
reprocessing method of spent nuclear fuel used in atomic 
10 reactor and to an induction heating system used in the 
4 pyrochemical reprocessing method. 

I Studies have been performed, both domestic and abroad, 

i on recycling method to improve economic feasibility of 
;P nuclear fuel cycle, by which the spent nuclear fuel is 
15 reprocessed by pyrochemical reprocessing method using 

molten salt and uranium or plutonium and the sp^njt_fuel 
rO is collected__and_ recyc led . 

;:H m the pyrochemical reprocessing of oxide fuel, spent 

i y 

nuclear fuel is dissolved in a molten salt, and oxides of 
20 uranium or plutonium in granular state are deposited and 
are collected by electrolysis. Principal processes are 
as follows : 

- Chlorination dissolving process of spent fuel: 

: U0 2 + Cl 2 -* U0 2 C1 2 
25 : Pu0 2 + C + Cl 2 -* PuCl 4 + C0 2 

- Electrolysis and collecting process of uranium oxide 
(cathode) : U0 2 C1 2 -» U0 2 + Cl 2 

- Precipitating and collecting process of plutonium 
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oxide: PuCl 4 + 0 2 -» Pu0 2 + 2C1 2 

The crucible used for reprocessing is made of pyro- 
graphite, and it exerts action as an anode in the 
electrolysis and depositing process. 
5 In the pyrochemical reprocessing method for metal 

fuel, spent nuclear fuel is dissolved in a molten salt. 
Metal uranium or metal plutonium are deposited and are 
collected by electrolysis. Principal processes are as 
follows : 

10 - Dissolving processing of spent fuel: 
* U -> U 3+ + 3e" ; Pu -> Pu 3+ + 3e~ 

Electrolysis and collecting process of metal uranium 
a (solid cathode) : 

J U 3+ + 3e" -> U 

15 - Electrolysis and collecting process of uranium oxides 
or plutonium oxides (liquid cathode) : 

U U3+ + 3e - — > U; p u 3+ + 3e" — ► Pu 

•3 (1) In the conventional heating method used for the 

melting of the spent nuclear fuel in the molten salt, 

20 the crucible is directly heated. As a result, the 

crucible acts as heat transmitting surface, and it 
turns to a corrosion environment at higher 
temperature than the melting temperature of the salt. 

(2) The crucibles are directly exposed to chlorine gas, 
25 oxygen gas, etc. used in the pyrochemical 

reprocessing, and they make severe corrosion 
environment . 

(3) Compared with induction current used in the 
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conventional metal melting method, higher frequency 
is needed due to the difference in electric 
conductivity . 

(4) It is generally practiced to adopt water-cooling 
method in order to cool down the crucible used for 
induction heating. However, when water is brought 
into contact with the molten salt by any chance, 
explosion may occur. 

(5) In the conventional heating method, stirring means 
are required to evenly maintain temperature 
distribution of the molten salt, and this requires 
the designing of the entire system in more 
complicated structure. 

(6) In the resistance heating method, the molten salt is 
evenly molten and evenly stirred up, and a 
cylindrical crucible must be generally adopted. 

SUMMARY OF THE INVENTION 
To solve the above problems, it is an object of the 
present invention to provide a method and a system, by 
which it is possible to improve corrosion-resistant 
property of the crucible and to contribute to the safety 
in the pyrochemical reprocessing method. 

To attain the above object, the present invention 
provides a pyrochemical reprocessing method for spent 
nuclear fuel for melting the spent nuclear fuel in a 
molten salt placed in a crucible and by depositing the 
nuclear fuel, whereby the crucible is heated by induction 
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heating, a cooling medium is supplied to cool down, and a 
molten salt layer is maintained by keeping balance 
between the heating and the cooling, and a solidified 
salt layer is formed on inner surface of the crucible. 
5 Further, the present invention provides an induction 

heating system to be used in a pyrochemical reprocessing 
method for melting a spent nuclear fuel in a molten salt 
placed in a crucible and for depositing the nuclear fuel, 
wherein said induction heating system comprises means for 
10 induction heating, and cooling means for cooling by 
= supplying a cooling medium to the crucible. 

BRIEF DESCRIPTION OF THE DRAWINGS 
: i Fig. 1 represents schematical drawings each showing 

15 an induction heating system; 

f.3 Fig. 2 shows an example of an arrangement of the 

U induction heating system; 

i;5 pig. 3 represents drawings each showing an example of 

a crucible type heater designed in cylindrical shape; 
20 Fig. 4 represents drawings each showing an example of 

a crucible type heater designed in annular shape; 

Fig. 5 represents drawings each showing an example of 
a crucible type heater designed in planar (rectangular) 
shape ; 

25 Fig. 6 represents drawings to show the crucible and 

induction heating coil integrated with each other; 

Fig. 7 is a diagram showing an example of formation 
of a solidified layer of salt; and 
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Fig. 8 shows free surface shape of a molten salt and 
distribution of electromagnetic force. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
5 Description will be given below on embodiments of the 

present invention referring to the drawings . 

Fig. 1 represents schematical drawings each showing 
an arrangement of an induction heating system. Fig. 1 
(a) is a partially cutaway perspective view, and Fig. 1 
10 (b) is a cross-sectional view. 

A crucible 2 divided by a segment 1 is placed in a 
high frequency induction coil 3 , and magnetic field is 
applied directly on salt, which lies in molten state in 
the crucible. In melting the salt, an auxiliary heating 
15 member 4 made of conductive material is added as 

necessary. The crucible 2 is designed in such structure 
that its inner space is cooled down by using cooling 
media 5 and 6. By keeping balance between the heating 
power supplied from an AC power source 13 to the high 
20 frequency induction coil 3 and the cooling, a solidified 
salt layer 8 is formed in the boundary between the 
crucible 2 and the molten salt 7 . 

As the cooling media 5 and 6, fluid (liquid or gas) 
is used. To cool down the crucible, water-cooling method 
25 is generally used. However, when water is brought into 
direct contact with the molten salt by any chance, 
explosion may occur. To avoid the explosion, a cooling 
medium having a boiling point higher than the temperature 
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of the molten salt or lower than operating temperature of 
the cooling medium is used. As the cooling medium having 
boiling point higher than the temperature of the molten 
salt, potassium (boiling point: 765. 5°C), sodium (boiling 
point: 881. 1°C), etc. may be used. As the cooling medium 
having a boiling point lower than the operating 
temperature, nitrogen (boiling point: -195. 8°C), helium 
(boiling point: -268. 9°C), etc. may be used. 

One of the features of the present invention is that 
a solidified layer of salt is formed in the boundary 
between the crucible and the molten salt by keeping 
balance between electric power and cooling using an 
induction heating system. In the figure, reference 
numeral 9 is a gas blow pipe for blowing a process gas 
15 such as chlorine gas or oxygen gas. Numeral 10 denotes 
an off-gas exhaust pipe. A predetermined voltage is 
applied from a DC power source 14 to a cathode 11 and an 
anode 12, and electrolysis and recovery of the spent fuel 
are performed at the cathode 11 . 

Fig. 2 shows an arrangement of the induction heating 

system . 

The crucible 2 is placed in the high frequency 
induction coil 3. To this coil, high frequency power is 
supplied from a high frequency generator of the AC power 
source 13, and the salt in the crucible is molten. The 
cooling medium is supplied from a cooling medium re- 
cooling and circulating system 15 to the crucible 2. A 
solidified layer of salt is formed in the boundary 
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between the crucible and the molten salt depending on the 
balance between the high frequency electric power for 
heating and the cooling. 

For cooling the crucible, liquid or gas is used as 
described above. The salt used is a salt such as CsCl, 
NaCl, KC1, etc. or a mixed salt containing these salts. 
Melting point of KCl-NaCl mined salt of equal mole 
concentration is about 660°C as an example of the salt 
used. When this salt is molten, surface temperature in 
the crucible is about 50°C as an example of one test, and 
temperature gradient is generated in the solidified salt 
layer 8 . 

As described above, temperature gradient occurs when 
the solidified layer is formed. Thus, it is possible to 
decrease crucible temperature without cooling the molten 
salt except the solidified layer (while maintaining the 
molten state) , and corrosion environment in the crucible 
can be alleviated. Also, by forming the solidified layer, 
it is possible to alleviate or avoid the condition where 
inner surface of the crucible is directly exposed to 
chlorine gas or oxygen gas. As a result, service life of 
the crucible material, i.e. the material of the heating 
system, can be extended. 

Next, various shapes of the crucible are shown in Fig. 
3 to Fig. 5. In the following, no description will be 
given on the cooling system, while the solidified layer 
is formed by keeping balance between the heating electric 
power and the cooling in the same manner as described 
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above . 

Fig. 3 shows an example where the crucible is 
designed in cylindrical shape. Fig. 3 (a) is a cross- 
sectional view, and Fig. 3 (b) is a vertical sectional 
view . 

A crucible 22 in cylindrical shape is placed inside a 
cylindrical coil 21. A solidified salt layer 23 is 
formed on inner wall surface of the crucible, while a 
molten salt layer 24 is maintained inside. To promote 
temperature increase, auxiliary heating members 25 made 
of conductive material are arranged inside the crucible. 

Fig. 4 shows an example of a crucible in annular 
shape. Fig. 4 (a) is a cross-sectional view, and Fig. 4 
(b) is a vertical sectional view. 

An outer annular crucible 33 and an inner annular 
crucible 34 are arranged between an outer annular coil 31 
and an inner annular coil 32, and a molten salt is placed 
between walls of the two annular crucibles. A solidified 
salt layer 35 is formed on inner wall surfaces of the 
outer and inner annular crucibles, and a molten salt 
layer 36 is maintained. To promote temperature increase, 
auxiliary heating members 37 made of conductive material 
are placed in the crucible . 

Fig. 5 shows an example of the crucible designed in 
planar (rectangular) shape. Fig. 5 (a) is a cross- 
sectional view, and Fig. 5 (b) is a vertical sectional 
view . 

A rectangular crucible 42 is arranged inside a 
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rectangular coil 41. A solidified salt layer 43 is 
formed on inner wall surface of the crucible, while a 
molten salt layer 44 is maintained. To promote 
temperature increase, auxiliary heating members 45 made 
of conductive material are arranged in the crucible. 

Fig. 6 shows an integrated example of a crucible and 
an induction heating coil. Fig. 6 (a) is a cross- 
sectional view, Fig. 6 (b) is a vertical sectional view, 
and Fig. 6 (c) is a partially enlarged view. 

In this embodiment, the crucible and the induction 
heating coil are integrated to increase the heating 
efficiency. A coating material is treated in gaps and on 
inner surface of a rectangular coil 51, and this is used 
as crucible 52. A solidified salt layer 53 is formed on 
inner wall surface of the crucible, while a molten salt 
layer 54 is maintained inside. To promote temperature 
increase, auxiliary heating members 55 made of conductive 
material are arranged in the crucible. As for the shape 
of the crucible coil, the shapes as shown in Fig. 3 to 
Fig. 5 or variations of these shapes, e.g. rectangular 
shape in dual structure as shown in Fig. 4, may be 
adopted . 

According to the present invention, the following 
effects can be achieved: 

(1) It is possible to decrease the surface temperature 
inside the crucible . 

Table 1 summarizes a comparative example of surface 
temperature of inner wall of the crucible under direct 
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heating (e.g. resistance heating) and induction heating 
when KCl-NaCl mined salt of equal concentration is used. 



Table 1 



Heating mode 


Direct heating 


Induction heating 


Surface 
temperature 
in crucible 


Higher than 660°C 


50°C 



As shown in Table 1, compared with the conventional 
direct heating method, it is possible for the induction 
heating method to cool down the surface in the crucible 
"i while maintaining the molten salt layer by the cooling 
%0 system. As a result, corrosion environment like the 
P conventional method can be extensively improved, and 

service life of the materials can be extended. 
\1 (2) Immediate contact to the crucible material of the 
j:y corrosive elements is prevented according to the 

1% solidified salt layer 

An example of formation of the solidified salt layer 
is shown in Fig. 7. In Fig. 7, a distance (mm) from the 
wall surface of the crucible is represented on the axis 
of abscissa, and temperature is shown on the axis of 

20 ordinate. From this diagram, it is evident that boundary 
between the solidified layer and the molten layer lies 
near the portion 8 - 9 mm from the wall surface of the 
crucible. By the presence of the solidified layer of 
salt, it is possible to avoid direct contact between the 
25 crucible wall surface and corrosive elements such as 
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chlorine gas, or oxygen gas. As a result, corrosive 
conditions as seen in the conventional method can be 
extensively improved, and surface life of the materials 
can be extended. 

(3) Promotion of temperature increase by the use of 
auxiliary heating members 

When salt is molten, it is necessary to have higher 
frequency because of the difference of electric 
conductivity compared with induction current used in the 
conventional metal melting. By arranging auxiliary 
heating members made of conductive material, it is 
possible to promote and accelerate temperature increase 
compared with the temperature increase of salt by the 
2 induction current as used in the conventional method for 
1 ! 5 metal melting. 

□ (4) Explosion caused by the contact of the molten salt 
| : y with the cooling medium can be prevented by the 

H adoption of a cooling medium except water . 

U To cool down a crucible used for induction heating, 

it is generally practiced to adopt water-cooling system. 
However, explosion may occur when the molten salt is 
brought into direct contact with water. By adopting a 
cooling system using a cooling medium except water, it is 
possible to avoid the danger such as explosion. 
(5) Stirring effect of electromagnetic force generated by 
induction heating 

Fig. 8 represents an example, which shows by 
numerical analysis whether stirring effect is caused or 
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not by generation of magnetic field due to the induction 
heating. The figure shows free surface configuration of 
the molten salt and distribution of electromagnetic force 
(distribution of electric power force and magnetic force) 
5 from the crucible center to crucible wall surface. The 
electromagnetic force is concentrated at the closer part 
to the crucible wall and gives higher effect. Due to 
unevenness of the electromagnetic force, electromagnetic 
stirring occurs, and this gives stirring effect. 
10 (6) Diverse crucible shapes 

iA In the resistance heating method, the molten salt is 

•S evenly molten and evenly stirred up, and a crucible in 
cylindrical shape is generally adopted. Because even 
3 melting and even stirring can be expected due to the 
1% stirring effect as described in (5) above, diverse 
□ crucible shapes as shown in Fig. 3 to Fig. 5 and other 
rU variations based on these shapes can be adopted. 
\^\ (7) Application to other systems and devices in addition 

to a melting crucible 
20 By utilizing non-contact heating, which is one of the 

features of the induction heating method, it is possible 
to adopt the present method as the heating system in such 
applications as cathode processor or distillation 
cleaning of the used salt. 

25 
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